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ABSTRACT 
A dipeptide attached naphthalenediimide (NDI) containing amphiphilic molecule (NDIP) has 
been found to form an aggregate in aqueous solution at pH 6.6. High resolution transmittance 
electron microscopic (HR-TEM) analysis reveals a nice hollow nanotublar structure in the 
aggregated state. This peptide appended NDI forms a two component hydrogel in presence of 
tartaric acid in molar ratio 1:2. The morphological transformation was observed from nanotublar 
structure in the non-gel aggregated state of peptide appended NDI to interconnected cross-linked 
nanofibers of the two component hydrogel in presence of tartaric acid. The gel was fully 
characterized using various techniques including wide angle powder X-ray diffraction 
(WPXRD), small angle X-ray scattering (SAXS), rheology, UV-vis and fluorescence 
spectroscopy. UV-vis study clearly indicates the J-type assembly in the aggregated state of the 
two component gel. Interestingly, the gel exhibits an unusual behavior upon aging compared to 
the fresh gel. It is found that the thermal stability and gel stiffness increase very significantly 
upon aging. The gel melting temperature (Tgel) and storage modulus (G') for the fresh gel are 
52°C and 32.73 rad/sec at 0.1% strain and these two parameters upon aging over 40 days are 
increased to 82°C and 4516.82 rad/sec respectively. Another important feature is noticed that 
very weakly-fluorescent nature of the fresh gel is transformed to a bright greenish fluorescent 
with respect to time. This result suggests that intermolecular interaction among the gelator 
molecules and tartaric acid in the gel phase slowly increases with time to form a mechanically 
very stiff and thermally robust gel. This study holds a promise for making new soft functional 
materials with tunable mechanical, thermal and fluorescence properties in future.    
INTRODUCTION 
The design of small organic molecule based soft functional materials has gained a considerable 
attention to the scientists due to their wide spread application in chemistry, biology and material 
science1-4. Low molecular weight gels comprising of  an amino acid or a peptide moiety are good 
building blocks for making supramolecular smart materials. Biocompatibility and biodegradable 
nature of these materials reinforced their usability in various research field including drug 
delivery 5-8, tissue engineering 9,10, waste water management 11,12, catalysis13-15, biosensors16-17 
and others18-22. The gelator molecules are self-assembled by using various non-covalent 
interactions including hydrogen bonding interactions, π-π interactions, van der Waals interaction 
and others to form an entangled three dimensional network structure with lot of void spaces 
occupied by many solvent molecules under a suitable condition to form gels. In some cases the 
single gelator molecule alone is unable to form a gel. However, in presence of an additive 23,24 
(metal ion, organic molecule) or co-assembly of two different types of gelator molecules 25,26 can 
promote gelation. This kind of gel formation is termed as two component gelatio27,28. The gel 
property of the two component system can be regulated by varying composition and it provides 
better smart materials compared to a single component gel.  For the last two decades, many 
attempts have been made to design and construct various gelator molecule with structural 
diversity through by the covalent attachment with naphthyl 29,30, pyrene 31,32, carbazole 33, cholic 
acid34,35, sugar36-38 and other groups to the lead gelator molecule.  Recently, naphthalenediimedes 
(NDI) based functional materials have become very attractive not only due to their easy 
synthesis, solubility, redox active nature, chemically robust, molecular planarity, π-acidity and n-
type semiconducting nature but also due to the potential application in photovoltaic device39,40, 
field effect transistor41,42, solar cell43,44, sensing45-48 and others 49-52. However, low quantum yield 
restricts their application in the monomeric state of the imide substituted NDI. However, in the 
aggregated state, these types of molecules exhibit a significant fluorescent property owing to the 
aggregation induced emission (AIE) phenomenon. Various research groups have studied 
structure-function relationship of the gel formation, photo physical property, self-
assembly/gelation, and potential application of NDI based soft functional materials in organic 
solvents 53-55. However, there are very few reports on the self-assembly of naphthalenediimide 
conjugated peptide/amino acid derivative in aqueous medium 56,57. This is because it is extremely 
difficult to dissolve the NDI based molecule in water due to the presence of bulky hydrophobic 
naphthyl ring. The NDI based hydrogel can be obtained by incorporating of polar group within 
the NDI moiety or increasing polarity of the gelling solvent. Amino acid/peptide conjugated 
naphthalenediimides are able to form various fluorescent hydrogels with interesting applications 
58,59. 
Generally the gels are studied and characterized without mentioning whether the gel is freshly 
prepared or aged. Sometimes the physical appearance of a gel does not change significantly upon 
aging. There were a few reports regarding small molecular hydrogels that describe a change in   
physical appearance from transparent to turbid or vice versa upon aging 60-62. Adams and 
coworkers have  reported unusual property of a dipeptide based hydrogel upon aging and over 
time it shows phase transfer from a freshly prepared turbid gel to a transparent aged gel 63. As the 
time proceeds the rearrangement of the gelator molecules occur within the gel phase to form a 
stable network structure and the fiber -fiber interaction becomes stronger in the aged gel that 
leads to higher mechanical strength. If ordered arrangement of the gelator molecule is taking 
place within the gel phase sometimes it produced thermodynamically more stable state (crystal 
state) 64-66. The example includes the observation of Hao and coworkers regarding the formation 
of fine crystallized nanospheres on the surface of a two component hydrogel nanofibers upon 
aging after a week 67.  
In course of our investigation to study the self-assembly of peptide appended naphthalenediimide 
NDIP, it is found that the compound NDIP (Figure 1a) forms non gel aggregate in milli-Q water 
at pH 6.6. However, it forms a transparent gel in presence of tartaric acid with the transformation 
of morphological nanotublar structure to a cross linked nanofibrous structure.  Interestingly, the 
thermal stability, mechanical stiffness and fluorescent property can be regulated upon aging. 
Moreover, transparent nature of hydrogel is slowly decreases day by day to form an opaque gel 
after 30 days.  
EXPERIMENTAL SECTION 
Materials and Methods  
11-aminoundecanoic acid, 1,4,5,8 -Naphthalenetetracarboxylic dianhydride were purchased from 
Aldrich. L-histidine, HOBt (1-hydroxybenzotriazole), DCC (N, N'-Dicyclohexylcarbodiimide), 
L-tartaric acid were purchased from SRL, India. Instrumentation details and spectroscopic 
analysis are given in the Supporting Information. 
RESULTS AND DISCUSSION 
Gelation Study:  
Histidine containing naphthalenediimide based molecule NDIP has synthesized, purified and 
studied for gelation aqueous solution pH 6.6. It is very hard to dissolve the molecule NDIP in 
aqueous solution due to bulky hydrophobic naphthyl unit. The compound forms an insoluble 
aggregate by itself in milli-Q water. From the chemical structure it was seen that two imidazole 
ring was present at terminal position of the molecule. The solubility of the molecule in aqueous 
medium is increased in presence of a COOH containing molecule, due to acid –base interaction 
of COOH group and the imidazole ring of the histidine. In this context, various diacids including 
tartaric acid, succinic acid, malonic acid, citric acid were used for the gelation study. The co-
assembly of NDIP and tartaric acid provides a stable hydrogel at particular molar ratio 1:2 
(Figure 1). However, other acids are unable to form a hydrogel under the similar condition and 
other tested conditions attempted by using this study. For the gelation test, 12 mg (0.0128 mmol) 
of NDIP was taken in a glass vial and 950μL milli-Q, tartaric acid (0.0256 mmol) was added to 
the vial. Then the mixture was dissolved carefully by heating on a hot plate. A transparent clear 
solution was observed which upon standing for 20 minutes formed a transparent stable two- 
component hydrogel. To get the exact molar ratio of gelator molecule and tartaric acid for a 
stable hydrogel, the gelation study was performed by varying the molar ration of tartaric acid 
keeping the fixed gelator concentration under the similar condition. It was seen that a viscous 
suspension found to form when the molar ratio of NDIP and tartaric acid is 1:1.However, a clear 
transparent solution was found above the ratio 1:3 (NDIP: tartaric acid). It was also noticed that 
the gels were very weak in nature when the molar ratio is 1:1.5 or 1:2.5. So, the most stable 
hydrogel was obtained by co assembly of NDIP and tartaric acid at molar ratio of 1:2 and it is 
thermoreversible in nature. The minimum gelation concentration (MGC) was found to be 0.4 % 
(w/v) with respect to NDIP. The gel melting temperature (Tgel) was 52°C for the freshly prepared 
hydrogel at 12.80 mM concentration. An interesting feature is noticed that the gel exhibits an 
unusual aging effect by increasing the gel melting temperature with time. The physical 
appearance of the gel changes as the time progresses from transparent to translucent and the gel 
becomes tight and rigid upon aging. Five different sets of gels were prepared under similar 
condition at 1:2 ratio of gelator to tartaric acid and the gel melting temperature (Tgel) was 
measured at a fixed particular interval of time 10 day. Interestingly, it was found that Tgel 
gradually increases over the period of time (Figure S1). For the freshly prepared hydrogel the 
Tgel was 52°C whereas it becomes 82°C after 40 days. The entire study of gel melting 










Figure 1: (a) Chemical structure of the gelator molecule NDIP. (b) NDIP and tartaric acid based 
two component hydrogel. Vial image shows the change of visual appearance and fluorescence 
property of gel upon aging. 
 
Morphologal study:  
High resolution transmittance electron microscopic (HR-TEM) studies were performed for 
insoluble aggregates of NDIP in milli-Q water as well as in the gel phase in presence of tartaric 
acid with a molar ratio (1:2) at different time interval (freshly prepared gel and aged gel). From 
the HR-TEM analysis (Figure 2) it is evident that NDIP forms holo nanotublar structure with an 
internal diameter 20-30 nm and total diameter 45-55 nm. However there is a sharp 
morphological change was observed from nanotublar structure in the aggregated non gel state to 
gel state of NDIP in presence of tartaric acid. The freshly prepared gel forms a cross linked nano 
fibrillar network structure. These nanofibers are several micrometers in length and width of the 
nanofiber is within the range 15-30 nm. No significant morphological change is observed of the 
two component hydrogel with aging from fresh gel to aged gel. It is interesting to note that the 
gel formation triggered cross-linked nanofiber morphology, where as aggregation of NDIP and 
succinic acid retains nanotublar morphology. The inner diameter and total diameter of the tube is 
20-25 nm and 40-45 nm. Moreover in presence of citric acid the compound forms entangled 
nanofibrilar image with average width of the fiber 30-35 nm (Figure 2).   
 
Figure 2: HR-TEM image of (a) aggregated state of NDIP in milli-Q water. (b) NDIP and 
succinic acid based aggregates (c) NDIP and citric acid based aggregates. HR-TEM image of 





Fourier Transform Infrared (FT-IR) Analysis:  
Fourier transform infrared spectroscopic (FT-IR) study was carried out to obtain information 
about the non-covalent interactions among the gelator molecules within the self-assembled 
network structure. The significant peak appeared at 1736, 1707, 1666, 1581cm-1 for the 
compound NDIP (Figure S2). The peak corresponding to 1736, 1707, 1666 cm-1 is due to C=O 
stretching frequency of the ester group of peptide, NDI moiety and amide bond of peptide unit 
respectively. The peak at 1581cm-1 indicates N-H bending of the peptide backbone. However, a 
noticeable FT-IR spectral change was observed for the two component hydrogel. For the freshly 
prepared gel or aged gel the peak originates at the position 3321cm-1 that can be assigned for 
hydrogen bonded N-H stretching of the peptide unit. A broad peak appeared in the range 3400-
3600 cm-1 can be assign to the carboxylic OH stretching frequency and alcoholic O-H of the 
tartaric acid. Due to the gel formation in presence of tartaric acid the peptide C=O stretching 
frequency of NDIP is appeared 10 cm-1 less than that of NDIP alone in the non gel aggregated 
state. This indicates involvement of peptide C=O in hydrogen bonding in the gel state. A broad 
peak appeared at 1970 cm-1 due to the interaction of imidazole ring of NDIP and carboxylic acid 
of tartaric acid26. So it can be stated that the gelation occurs due to the acid-base type of 
interaction involving the imidazolium N-H of NDIP and carboxylate C-O of tartaric acid (Figure 
S3).  
Powder X-ray Diffraction (PXRD) Studies: 
To gain more information about the structural arrangement of the gelator molecules in the 
aggregated state wide- angle powder X-ray diffraction (WPXRD) studies were performed for the 
xerogel of NDIP and tartaric acid based two component hydrogel. ChemBioDraw 3D software 
provides the molecular length (D) of NDIP and that is 42.77Å. In the wide angle region 
significant peak appeared at 2θ=11.61° (d=7.41 Å), 2θ=13.61° (d=6.33 Å), 2θ=17.25° (d=5.01 
Å) (Figure S4) can be assign to D/6, D/7, D/8. This type WPXRD data clearly suggests the 
lamellar packing arrangement of the molecule NDIP in the aggregated state in aqueous medium 
at pH 6.6. The peaks at 2θ=8.10° (d=10.62Å), 2θ=19.65° (d=4.39Å) are due to the intersheet and 
interstrand distance of a antiparallel β-sheet like structure in the aggregated state of NDIP68. The 
peak corresponding to π-π distance of imidazole ring and naphthyl unit of NDIP appeared at 
2θ=21.22° (d=4.07 Å) and 2θ=21.70° (d=3.98 Å) respectively.  However, a change in molecular 
packing arrangement for the two component gel formation and it is evident from respective 
WPXRD data (Figure S5). There is no significant difference of the packing pattern between fresh 
gel and 40 days aged hydrogel. Interestingly, there is no signature of either lamellar packing or 
β-sheet type arrangement for the two component hydrogel. The peak position of π-π stacking 
distance of imidazole ring and naphthyl unit within the hydrogel state is more or less same and it 
is appeared at 2θ=20.54° (d=3.60 Å), 2θ=26.31° (d=3.29 Å) and 2θ=23.91° (d=3.62 Å), 
2θ=26.53° (d=3.27 Å) for freshly prepared and 40 days aged hydrogel. 
Small-Angle X-ray Scattering (SAXS) Study: 
To evaluate total molecular length for the interaction NDIP and tartaric acid in the gel state, 
small-angle X-ray scattering (SAXS) experiment was carried out. The individual molecular 
length obtained from ChemBioDraw 3D software for NDIP and tartaric acid is 42.77Å and 
6.25Å respectively. The peak corresponding to d=52.33Å was appear in the SAXS spectra 
(Figure S6). The experimental value is well matched with the combine molecular length (49.02) 
Å of NDIP and tartaric acid. A probable model has been drawn for co-assembly of NDIP and 
tartaric acid in aqueous medium based on FT-IR, WPXRD, SAXS studies (Figure 5) 
Rheological study 
Rheological experiment was performed to investigate the mechanical strength of the NDI based 
two component hydrogel at different time intervals (Figure 3) to examine whether the possibility 
of stiffness changes with time or not. From the frequency sweep experiment at a constant strain 
about 0.1 %, it is found that storage modulus G' is almost invariant over the frequency range and 
the storage modulus G' is always greater than loss modulus throughout the experiment. 
Interestingly, it was observed that storage modulus steadily increases with time from 32.73 pa for 
the freshly prepared gel to 4516.82 pa for the 40 days aged gel. It is evident from the table 1 that 
the gel stiffness is increased enormously from freshly prepared gel to 40 days aged gel. The G' 
value of the hydrogel is increased (146 times) upon aging after 40 days at a fixed angular 
frequency for the same composition of the two component gel. 
Table 1: Showing  the variation of  gel melting temperature, storage and loss moduli of the 
hydrogels at different time intervals starting from the freshly prepared gel keeping the 
gelator concentration same.  







Storage modulus (G') at an 
angular frequency 0.1 rad/sec  
Loss modulus (G") at an 
angular frequency 0.1 rad/sec  
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 Step strain experiment was carried out to investigate the thixotropic behavior of the tartaric acid 
based two component hydrogel (Figure S7). Different cycles for this experiment were performed 
starting with initial strain 0.1%. After 131 second the strain was increased to 30% to rupture the 
gel and it is transformed to sol. There is a crossover between G' and G" and G" is more than G' in 
the sol state at a fixed strain of 30% up to 256 second. After that this strain was released and it is 
coming back of initial strain 0.1%. To check the reproducibility of the process, the experiment is 
repeated for four times. Figure S8 shows that the gel can be broken upon mechanical shaking and 












Figure 3: Frequency sweep experiment of NDIP and tartaric acid based two component 
hydrogel at a constant strain 0.1% (a) freshly prepared and after (b) 10 days (c) 20 days (d) 30 
days (e) 40 days (f) combine data of freshly prepared and 40 days aged hydrogel. 
UV-Vis Study 
UV-vis spectroscopic study was carried out to examine the self-assembled packing pattern of the 
chromophoric moiety of NDIP in monomeric state as well as in the aggregated state in presence 
of an organic acid (tartaric acid/succinic acid/citric acid/malic acid/malonic acid) at a fixed 
concentration of 0.05mM with respect to NDIP. In the monomeric state of NDIP in 
hexafluoroisopropanol (HFIP), sharp absorption peaks are appeared at the position 341nm, 361 
nm and 381 nm. These are the characteristic peak of NDI chromophoric moiety (Figure 4). A 
change in self-assembly was noticed in milli-Q water for the NDIP in presence of organic acid. 
From the UV spectra (Figure 4) it is seen that the peak positions are appeared at 368 nm, 389 nm 
for the NDIP in presence of tartaric acid. These peaks are red shifted by 8 nm with a gradual 
decrease in intensity from the corresponding peaks in monomeric state. This observation clearly 
indicates a J-type self-assembly among the chromophore of NDIP in presence of tartaric acid. 
However, no such difference is noticed in UV spectra for the freshgel and 40 days aged gel. It is 
worth to mention that the self-assembled behavior of NDIP in presence of other organic acid 





To gain more knowledge about the aggregation behavior of the compound in presence of various 
organic acid fluorescence studies was carried out. The fluorescence property originates due to 
aggregation induced emission phenomenon of the imide substituted naphthalenediimides. We 
measured the fluorescence property with a finite time interval for the compound NDIP alone or 
in presence of organic acid in milli-Q water to examine whether the compound can show any 
aging effect or not. In the fluorescence spectra of aggregated NDIP in milli-Q water a sharp peak 
is appeared at 415 nm upon excitation at 360nm. Five different sets of aggregated solution of 
NDIP was prepared with finite time interval (10 day) starting from day 1. However, no such 
change in fluorescence spectral position or visual discrimination of these solutions (Figure 4d 
and Figure S10) is noticed. So, it can be said that aggregated solution of NDIP alone does not 
exhibit aging effect. Similarly, five set of hydrogel were prepared by NDIP and tartaric acid in 
such a way that age of these gels are freshly prepared, 10 days, 20 days , 30 days and 40 days 
aged. The physical appearance of the first two gels (freshly prepared gel and 10 days old gel) is 
transparent, but the transparency decreases from 20 days and after 30 days the gel becomes fully 
turbid (Figure 6a). The freshly prepared hydrogel does not exhibit any fluorescence property 
when it is seen in presence of hand held UV light (λmax 365 nm). Interestingly, it is observed that 
the non fluorescent gel becomes weakly greenish fluorescent aged after 20 days. The 
fluorescence intensity gradually increases and it emits a bright greenish fluorescence after 30 
days (Figure 6c). The fluorescence spectra (Figure 4b) show that the peak appears at 465 nm 
upon excitation at 360 nm. Same kind of time dependent fluorescence study was performed for 
the non gel aggregates of NDIP and succinic acid to make it confirm whether greenish 
fluorescence originates due to gelation or interaction between dicarboxylic acid and imidazole 
ring of NDIP in the aggregated state. Moreover, aggregate solution of succinic acid and NDIP 
exhibit the aging effect on the enhancement of fluorescence property (Figure 6b and 6d). 
Spectroscopic study show that the peak appears at 416 nm for freshly prepared aggregates of 
succinic acid and NDIP. As the time progress the peak position at 416 nm is started to decrease 
and a new peak is appeared at 465nm that becomes more prominent with time and as a result 
bright greenish fluorescence originate (Figure 4c). Fluorescence study convincingly 
demonstrates that the compound NDIP is unable to show aging effect without the presence of 
tartaric acid for the enhancement of fluorescence. However the combination of dicarboxylic acid 











Figure 4: (a) UV-Vis spectra of NDIP in presence of tartaric acid (freshly prepared and 40 days 
aged gel). Fluorescence spectra of (b) NDIP and tartaric acid based two component hydrogel 
starting from fresh gel to 40 days aged gel, (c) NDIP and succinic acid based aggregates, (d) 








Figure 5: Probable packing model for NDIP and tartaric acid based two component self-
assembled system in aqueous medium and  = = = = = lines indicate hydrogen bonding. 
Time-correlated Single Photon Counting (TCSPC) study 
Time-correlated single photon counting experiment was performed to evaluate the fluorescence 
life time in the excited state and the decay profile for the tartaric acid based two component 
hydrogel in its freshly prepared form and after 40 days (aged gel). The excitation 
monochromator was set at 340 nm and emission was recorded at 465 nm for both gels (freshly 
prepared and aged). The freshly prepared hydrogel showed a bi-exponential decay profile with 
an average life time of 91.6 ps. Similar decay profile was observed for the aged hydrogel (after 
40 days) with considerably larger average life time of 209 ps compared to the fresh hydrogel 
(Figure S11). So, we can conclude that excited state complex of aged gel is more stable than 
freshly prepared hydrogel. From the Figure 6c it is evident that the fluorescence intensity 
gradually increases with time for the tartaric acid based two component hydrogel. The 
enhancement of fluorescence promotes us to investigate whether the aging effect can influence 
the quantum yield of the hydrogel or not. The quantum yield was calculated by using quinine 
sulphate as a reference dye. Interestingly, it is observed that the quantum yield (Φ) of the 40 days 
aged hydrogel (Φ =16.19%) is much higher than that of freshly prepared hydrogel (Φ =1%). It is 
worth to be mentioned that succinic acid is unable to form hydogel with NDIP. However, 
fluorescence intensity gradually increases for the succinic acid containing aggregates with time. 
Similar result of quantum yield was obtained for the freshly prepared aggregate of succinic acid 
and NDIP (Φ =1%). Interestingly, the quantum yield obtained from 40 days aged aggregates of 







Figure 6: (a) The change of visual appearance and (c) enhancement of fluorescence intensity of 
NDIP and tartaric acid based two component hydrogel with respect to time from freshly made 
gels to 40 days aged gel. (b) The change of visual appearance and (d) enhancement of 
fluorescence intensity of NDIP and succinic acid based two component aggregate with respect to 
time.   
 
The peptide appended naphthalenediimide (NDIP) contain two terminally located imidazole 
rings, each having a lone pair of SP2 nitrogen atom that can act as a lewis base. Our previous 
report indicated that the non fluorescent xerogel film obtained from NDIP emits a bright cyan 
color in presence of volatile organic/inorganic acid vapors and this fluorescence was disappeared 
in presence of an ammonia vapors.  This is an example of acid induced aggregation that leads to 
aggregation induced emission property. In this study in aqueous medium (milli-Q water pH 6.6) 
the fluorescence peak appeared at 407 nm due to the aggregation induced emission of the 
molecule NDIP (Figure 7). Upon the addition of TFA (trifluoroacetic acid) to the aggregated 
solution of NDIP, causes a sharp change in fluorescence (cyan) was observed under the UV lamp 
(λmax=365nm). The spectroscopic study indicates a peak centered at 482 nm in presence of acid 
whereas it appeared at 407 nm without any acid under similar condition. The strong fluorescence 
appeared due to the acid induced aggregation in milli-Q water. The addition of ammonia to the 
acidic aggregating solution causes complete loss of fluorescence (Figure 7). Due to the high 
dissociation constant of trifluoroacetic acid (3.0 × 10−1) the imidazole ring protonated very fast 









Figure 7: Reversible fluorescence spectra (inset: visual image of fluorescence in under UV light 
λmax=365nm) of NDIP in presence of trifluoroacetic acid (TFA) and ammonia (NH3). 
 
If a weak organic dicarboxylic acid (tartaric acid or succinic acid or citric acid) is used in place 
of a strong acid, the NDIP is unable form a clear solution in presence of any of these 
dicarboxylic acids (tartaric acid, succinic acid, citric acid) in milli-Q water. However, it was 
early mention that NDIP form a two component hydrogel in presence of tartaric acid, while 
succinic acid triggered a viscous solution. Due to the weak dissociation constant of those 
dicarboxylic acids (6.8 × 10−4 for tartaric acid), the imidazole ring of the NDIP is  protonated 
very slowly in the gel phase. As a result, acid induced fluorescence property of the NDIP 
increases very slowly in the gel state. With time the acid-base interaction between the 
imidazolium ring of NDIP and carboxylate group of tartaric acid gradually increases. As a result 
the gel becomes more tight and rigid. Consequently, the gel melting temperature and mechanical 
stiffness gradually increases day by day from fresh gel to aged gel. Previous studies indicated 
that gel stiffness increases enormously due to acid-base interaction involving carboxylic acid 
containing peptide gelator and melamine69.  The Figure 8 demonstrates that the appearance of the 
freshly prepared gel is very soft  that is loosely held from the spatula. On the contrary, the aged 
gel is very rigid and tight in  nature so  that this gel was taken out from a vial, the sliced gel 
portion can be hold by a spatula, as shown in Figure 8b. Moreover, the gel is sufficiently strong 
and  this can be cut/sliced into two prominent parts by a spatula and can be hold by a twizer 
(Figure 8c). The Figure 8d shows the pictorial images of the stiff sliced portion of the aged gel 








Figure 8: Photograph of gel with aging. (a) Showing the softness of the freshly prepared gel. (b) 
Image showing 40 days aged hydrogel (c) The 40 days aged hydrogel can be cut into two pieces. 
(d) showing the hardness of the gel taken in a twiser without deformation of the gel. (e) viewing 
a piece of gel in UV light. 
Conclusion 
 This is a wonderful example of aging effect relating to the increment of thermal stability, 
mechanical stiffness and fluorescence property of a peptide attached naphthalenediimide 
containing two component gel in presence of tartaric acid. Though there is no significant 
difference of morphology of the freshly prepared gel and 40 days aged gel, a clear cut 
morphological transformation occurs from a nanotublar structure in the aggregated state to inter 
connected nanofibrillar network in the gel state. The kinetics for the improvement of those 
properties is very slow due to the weak dissociation constant of tartaric acid. As a result the 
imidazole ring of the gelator molecule is slowly protonated with time and the interaction between 
acid and base involving carboxylate group of the tartaric acid and imidazolium unit of gelator 
molecule becomes prominent with time. This study indicates the tuning of thermal and 
mechanical stability of the two component hydrogel just by increasing time not through mixing 
any additive to the gel. It holds a future promise to make NDI containing peptide based tunable 
soft materials.  
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